Abstract
Polarized T cells form two ends, the leading edge at the front and a protrusion at the rear 64 called a uropod. Uropods are enriched in several adhesion molecules containing single5 sensitivities to cholesterol depletion (64); for a review, see Charrin et al. (65) ) and by 98 microscopy (61, 66-69). Thus, it is notable that, at least in adherent cell lines, Gag is able to 99 recruit lipid rafts and TEMs together at virus assembly sites in a manner dependent on membrane 100 curvature induced by Gag multimerization or subsequent HIV assembly steps (66, 70). However, 101 it remains unclear whether these and other microdomains on the plasma membrane accumulate 102 to virus assembly sites without changes in their structures and components or whether 103 assembling Gag actively reorganizes the structure or composition of microdomains accumulating 104 to these sites. 105
In our previous studies, we determined that NC-mediated multimerization is essential for 106 uropod localization of HIV-1 Gag and that Gag associates with uropod-directed microdomains 107 TEMs to assembly sites, or dependent on the mode of Gag-membrane binding? Observations 118 made in this study support a model in which uropod localization of Gag can occur early in 119 assembly before completion of virus particles. Furthermore, we found that Gag associates with a 120
Polarization calculation 173
Cells expressing wild type, P99A/, EE75,76AA/, CA/NC/, LZ2/, LZ3/, LZ4/ or LZ/Gag-174 YFP were fixed in 4% PFA for 20min, washed with PBS-2%FBS and mounted on slides as 175 described above. To quantify polarity of Gag localization, a 10-segmented grid was placed over 176 each cell along the cell's longest axis as described previously (23). Ten minus the number of 177 segments that contained plasma-membrane-associated Gag was then used as the polarization 178 index. Thus, a higher number corresponds to higher polarization, with 0 corresponding to Gag 179 distributed over the entire plasma membrane. 180
181

Nucleofection 182
For expression of Gag mutants containing the Fyn(10) sequence on their N-terminus in P2 cells, 183 nucleofection of the molecular clones was performed using Amaxa kit V because VSV-G-184 pseudotyped virus stocks that would transduce these mutants have low infectivity. Briefly, 1x10 6 185 P2 cells were resuspended in 100 μl Amaxa V solution with 2 μg DNA and transferred to a 186 cuvette. Program C-016 was used to electroporate the samples. Nucleofected cells were added to 187 2ml RPMI-10 and cultured for 3 days before immunostaining experiments were performed. 188
189
Liposome Binding Assay 190
Liposome binding assays were performed as previously described (50) . 
Results
202
Virus surfing and budding are not required for uropod localization 203
While previous studies showed that Gag multimerization is essential for its localization to 204 the uropod (23, 71), the aspect of multimerization that drives uropod localization remained to be 205 elucidated. Gag multimerization is required for membrane curvature and particle formation, 206 which are prerequisites for virus surfing. Thus, it is possible that rearward surfing of formed 207 virus particles on the plasma membrane, but not Gag multimerization per se, mediates uropod 208 localization of HIV-1. To address this possibility, we examined two YFP-tagged Gag derivatives 209 with CA amino acid substitutions, P99A and EE75,76AA. Both P99A/Gag-YFP and 210 EE75,76AA/Gag-YFP show electron-dense patches underneath the plasma membrane in EM 211 studies, suggesting that they multimerize on the plasma membrane. However, they do not 212 efficiently curve the membrane or form virus particles (Fig. 1A) (30, 66, 75, 78) . Mutations in 213 the equivalent region of MLV CA were observed to show a similar budding-arrested phenotype 214 (79). As expected, P99A and EE75,76AA mutants are deficient in virus release from T cells (Fig.  215 1B-C). 216 P99A/Gag-YFP and EE75,76AA/Gag-YFP were expressed in P2 cells, a T cell line that 217 adopts a polarized morphology frequently and spontaneously (23), and examined for localization 218 to the uropod, which was identified by accumulation of the uropod marker PSGL-1. We 219 observed that both of these budding-arrested mutants clearly localize to the uropod of polarized 220 P2 cells (Fig. 1D) to the same extent as that of wild type Gag-YFP (Fig. 1E ). These observations 221 indicate that complete particle formation, and hence virus surfing on the outer leaflet of the 222 plasma membrane, are not required for uropod localization of Gag. Conversely, this also12 suggests that multimerization and association with the inner leaflet of the plasma membrane are 224 sufficient for Gag to localize to the uropod. 225
226
Low level of multimerization is sufficient for Gag polarization towards the uropod 227
The observation that budding-arrested mutants localize to the uropod suggests that 228 uropod localization could occur before Gag multimers curve the membrane. To determine how 229 early in assembly uropod localization occurs, we sought to construct and examine Gag mutants 230 that form only low-order multimers. A Gag construct in which NC is replaced with a 231 heterologous dimerizing leucine zipper (LZ) sequence (LZ/Gag) is known to multimerize and 232 form virus-like particles (VLPs) (76, 80, 81). Previously, we showed that a YFP-tagged 233 derivative of this construct, LZ/Gag-YFP, localizes to the uropod (23) ( (23). In the copatching assay, antibodies directed to cell surface markers are added prior to 271 fixation so as to detect otherwise submicroscopic microdomain association of the markers via 272 crosslinking-dependent patching (discussed in more detail in (66)). Therefore, the observed 273 copatching between Gag and the uropod markers suggests that Gag associates with UDMs. 274
However, whether the composition of these Gag-associated UDMs simply reflects the 275 composition of uropods or whether Gag associates with UDMs that contain specific subsets of 276 uropod-associated proteins remained to be elucidated. Thus, in addition to PSGL-1 and CD43, 277
we analyzed the copatching between Gag and other uropod-associated proteins, CD44, CD59, 278
ICAM-1 and ICAM-3 (15-18) in P2 cells (Fig. 3A-D) . In order to observe pre-polarization status 279 of Gag association with UDMs, we examined copatching between Gag and uropod-associated 280 proteins in unpolarized P2 cells ( Gag actively reorganizes UDMs 292
15
As described above, Gag associates with a specific subset of UDMs containing CD43, 293 PSGL-1, and CD44. We wondered whether these UDM proteins associate with each other in the 294 absence of Gag, or whether Gag reorganizes UDMs. To distinguish between these possibilities, 295 copatching analysis between CD44 and the other UDM proteins was performed in uninfected P2 296 cells. As expected, CD44 patches induced by two different specific antibodies (IgG1 and IgG2b) 297 displayed almost complete colocalization ( Fig. 4A and G) . In addition, we found that CD44 298 copatches with PSGL-1 and CD43 at high levels (R 2 > 0.5) (Fig. 4B , C, and G), similar to Gag 299 copatching with these uropod proteins. In contrast, CD44 showed markedly less copatching with 300 CD59 or ICAM-1 ( Fig. 4D , E, and G). This pattern of separation into two groups mirrors the 301 copatching pattern of Gag with these uropod-directed proteins (Fig. 3) . However, interestingly, 302
we also found that CD44 copatches with ICAM-3 ( Fig. 4F and G) even though ICAM-3 does not 303 copatch well with Gag (Fig. 3) . Thus, these observations suggest that, while PSGL-1, CD43, 304 CD44, and ICAM-3 associate with the same microdomain that exists in the absence of Gag, Gag 305 does not simply associate with this UDM passively. Rather, Gag appears to modify this UDM by 306 excluding ICAM-3. Supporting the latter interpretation, three-color imaging revealed that in cells 307 expressing Gag-CFP, Gag copatches well with CD44, but these CD44 patches no longer 308 colocalize with patches of ICAM-3 (Fig. 5 ). These data suggest that in addition to the 309 coalescence of disparate microdomains observed previously (66, 70), Gag is also able to mediate 310 modification of existing microdomains. 311 312
Completion of particle formation is not required for recruitment of specific UDMs 313
Membrane curvature has been implicated in membrane domain organization (92). 314
Furthermore, we recently observed that Gag-dependent coalescence of lipid rafts and TEMs that 315 16 do not normally colocalize with each other correlates with the ability of Gag to induce membrane 316 budding (66). Therefore, it is conceivable that Gag associates with specific UDMs that are 317 attracted to membrane curvature. 318
To investigate whether specific UDM association by Gag is determined by the ability of 319
Gag to bud, copatching between the budding-arrested mutants P99A/Gag-YFP and 320 EE75,76AA/Gag-YFP and the uropod markers PSGL-1, CD43 and CD59 was examined in 321 unpolarized P2 cells. Almost identically to wild type Gag-YFP, both mutants were observed to 322 copatch with PSGL-1 and CD43 but not with CD59 ( Fig. 6A-D) . These observations indicate 323 that membrane curvature is not required for Gag-YFP association with specific UDMs. Thus, 324 these results also suggest that the mechanism of UDM recruitment to assembly sites is different 325 from the curvature-dependent recruitment of rafts and TEMs observed in HeLa cells (66). 326
327
MA determines specificity of UDM association 328
It is conceivable that, while multimerization is required for uropod localization and UDM 329 association, an additional function of Gag may be necessary for determining the specificity of 330 UDM association. The most likely Gag region to determine which UDMs Gag associates with is 331 MA because this domain interacts directly with the plasma membrane. To examine this 332 possibility, a Gag mutant in which MA was deleted [Fyn(10)/ΔMA/Gag-YFP] was expressed in 333 P2 cells and examined for UDM association by copatching analysis. In this construct, MA was 334 replaced with the triple acylation signal Fyn(10), which compensates for the loss of MA-335 dependent membrane binding. To control for the addition of the Fyn(10) sequence, 336
Fyn(10)/ΔMA/Gag-YFP was compared with Fyn(10)/Gag-YFP, which contains the full MA 337 sequence. Gag puncta on the plasma membrane detected in the middle focal plane of cells was 338 used to quantify colocalization (see Materials and Methods). Strikingly, while Fyn(10)/Gag-YFP 339 associated with the same PSGL-1/CD43-enriched subset of UDMs as Gag-YFP (Fig. 7A) , the 340 loss of MA caused Gag to segregate from PSGL-1 and CD43 (Fig. 7B) . As observed for wild 341 type Gag-YFP, both Fyn(10)/Gag-YFP and Fyn(10)/ΔMA/Gag-YFP did not copatch with 342 ICAM-3 efficiently (data not shown). Interestingly, copatching between Fyn(10)/ΔMA/Gag-YFP 343 and CD59 was enhanced when compared with Fyn(10)/Gag-YFP (Fig. 7A-C (Fig. 8A) . In this construct, the same basic 359 residues as in Fyn(10)/6A2T/Gag-YFP were substituted but, unlike in Fyn(10)/6A2T/Gag-YFP, 360 the overall positive charge of the HBR was maintained. Both Fyn(10)/6A2T/Gag-YFP and 361
Fyn(10)/HBR/RKswitch/Gag-YFP showed cell surface punctate signals, suggesting that they 362 form higher-order Gag multimers at the plasma membrane. When Fyn(10)/6A2T/Gag-YFP was 363 expressed in P2 cells, we observed that Gag lost its association with PSGL-1 and CD43 but 364 gained an association with CD59 as was observed for Fyn(10)/ΔMA/Gag-YFP (Fig. 8B and D) , 365
indicating that the HBR is required for specific UDM association. In contrast, we found that 366
Fyn(10)/HBR/RKswitch/Gag-YFP copatched with PSGL-1 and CD43 but not CD59 similar to 367 wild type Gag-YFP (Fig. 8C-D) . Together, these observations indicate that the positive charge of 368 the HBR plays a major role in specific UDM association of Gag. 369 370
Gag-PI(4,5)P 2 binding is not required for HBR-charge-mediated association of Gag with 371 specific UDMs 372
A recent report suggests that interactions with a protein can induce enrichment of 373 PI(4,5)P 2 in some microdomains, which in turn facilitates accumulation of the protein (93). It is 374 conceivable that Gag, through its HBR, induces formation of such PI(4,5)P 2 -enriched 375 microdomains to which some uropod proteins with a short basic stretch in juxtamembrane 376 cytoplasmic regions, such as CD43, PSGL-1 and CD44, are also attracted. Alternatively, the 377 HBR could play a similar role via recruitment of other negatively charged phospholipids in a 378 more non-specific and charge-dependent manner. Thus, using a liposome binding assay, we 379 investigated whether HBR/RKswitch/Gag-YFP and 6A2T/Gag-YFP interact with PI(4,5)P 2 or 380 other negatively charged phospholipids. For this set of experiments, Gag constructs with the 381 native N-terminal sequence but not the Fyn(10) sequence were used, because the strong 382 membrane binding mediated by the Fyn(10) sequence (i.e., triple acylation) obscures the 383 difference in Gag-liposome binding. We found that, unlike wild type Gag-YFP, both 6A2T/Gag-384 19 YFP and HBR/RKswitch/Gag-YFP do not bind PI(4,5)P 2 -containing liposomes ( Figure 9A-B) . 385
This indicates that PI(4,5)P 2 binding requires not only the overall basic charge of the HBR but 386 also the specific amino acid sequence in the HBR. 387
It was previously observed that when treated with RNase, wild type Gag is able to bind 388 liposomes containing phosphatidylcholine (PC) and the negatively charged phospholipid 389 phosphatidylserine (PS) even when PI(4,5)P 2 is absent, presumably via electrostatic interactions 390 (48). Similarly, we observed that wild type Gag-YFP binds the PC+PS liposomes upon RNase 391 treatment ( Fig. 7C-D) . In contrast, 6A2T/Gag-YFP failed to exhibit PC+PS binding regardless of 392
RNase treatment, underlining the importance of electrostatic interactions in this mode of Gag-393 membrane binding (Fig. 9C-D) . Interestingly, we found that upon treatment with RNase, 394 HBR/RKswitch/Gag-YFP binds PC+PS liposomes nearly as efficiently as wild type Gag-YFP 395 (Fig. 9C-D) . These results indicate that switching the Lys and Arg in the HBR has little impact 396 on the ability of MA to bind RNA or negatively charged, non-PI(4,5)P 2 phospholipids. Since the 397 Lys-Arg switching has no impact on Gag-UDM copatching (Fig. 8) microdomains that contain a specific subset of uropod-directed proteins. Previous studies using 414 adherent cell lines (66, 70) have provided evidence that Gag multimerization and subsequent 415 membrane budding is able to stabilize and coalesce lipid rafts and TEMs in a MA-sequence-416 independent manner. In contrast, in this study we found that the MA HBR (Figs. 7 and 8 ), but 417 not membrane curvature (Fig. 6) , plays a key role in association of Gag multimers with a specific 418 subset of uropod-localizing proteins in T cells. As these proteins copatch with each other in the 419 absence of virus expression (Fig. 4) , they are likely to share affinity to common microdomains 420 directed to the uropod in T cells. Notably, we also found that Gag is able to reorganize these 421
UDMs by actively excluding proteins originally associated with these microdomains (i.e., 422 ICAM-3) (Fig. 5 ). These findings demonstrate that Gag drives reorganization of the plasma 423 membrane in a variety of ways. 424
Analysis of a panel of uropod proteins revealed that Gag associates with a specific UDM 425 enriched in PSGL-1, CD43 and CD44 but not ICAM-1, ICAM-3 or CD59 in unpolarized P2 426 cells. As discussed below, it is unlikely that a specific subset of UDMs plays an irreplaceable 427 role in movement of Gag multimers to the uropod. Nonetheless, it is conceivable that a specific 428 UDM protein modulates HIV-1 release or cell-to-cell transmission. For example, a recent study 429
showed that increased expression of the UDM protein CD43 correlates with enhanced cell-to-cell 430 transmission of HTLV-1, another retrovirus that replicates in T cells (101). Thus, although it is 431 not known whether association of CD43 and HTLV-1 in microdomains plays a role in this 432 increase of cell-to-cell transmission, it is conceivable that specific UDMs or UDM-associated 433 proteins contribute to cell-to-cell transmission of HIV-1. It is also of interest to determine why 434 HIV-1 evolved to exclude ICAM-3 from UDMs the virus associates with. A previous study 435
showed that HIV-1 replication in Jurkat T cells is inefficient when ICAM-3 is expressed and that 436
ICAM-3 appears to exert the negative effect during the late phase of the virus replication cycle 437 (102). Thus it is tempting to speculate that reducing the ICAM-3 association with assembling 438 viruses at the plasma membrane is potentially advantageous for HIV-1 assembly and/or the 439 subsequent transmission. Further analyses of Gag-negative and Gag-positive UDM components 440 are likely to provide us with insights into the advantages for HIV-1 to associate with, and modify 441 the components of, the specific subset of UDMs. As shown in liposome binding experiments (Fig. 9) , the HBR/RKswitch mutant Gag is likely to 464 maintain electrostatic interactions with negatively charged phospholipids such as PS. Therefore, 465 it is plausible that Gag multimers, via the HBR, induce clustering of certain negatively charged 466 phospholipids to which some, but not all, uropod proteins (e.g., PSGL-1, CD43, and CD44) are 467 also attracted via electrostatic interactions. It should be noted, however, that our data do not rule 468 out a direct interaction between Gag and a UDM-associated protein via an interface heavily 469 dependent on the charge of the HBR. While it is unlikely that the HBR alone serves as a direct 470 protein-protein interaction interface that would depend on the exact amino acid sequence, further 471 studies are necessary to determine how the MA HBR mediates specific UDM association. 472
The role played by the MA HBR in HIV-1 Gag interaction with PI(4,5)P 2 is well 473 recognized (26). However, whether this interaction is solely dependent on electrostatic 474 interactions between HBR basic residues and the high-density negative charge of the PI(4,5)P 2 475 head group or whether the interface structure promotes specific recognition of the head group 476 23 had not been determined (44, 50, 105) . In this regard, the phenotype we observed in this study of 477 HBR/RKswitch/Gag-YFP in liposome binding assays is noteworthy. Although the switching of 478
Arg and Lys does not alter the ability of the HBR to support electrostatic interactions, in contrast 479 to wild type Gag-YFP, HBR/RKswitch/Gag-YFP failed to bind to PI(4,5)P 2 -containing 480 liposomes (Fig. 9) . Therefore, it is unlikely that electrostatic interactions solely promote the MA-481 PI(4,5)P 2 binding: rather, a structural element of the HBR plays a major role in recognition of 482 PI(4,5)P 2 . Ongoing studies are aimed at determining whether such a structural element is directly 483 involved in PI(4,5)P 2 interaction or whether it indirectly modulates PI(4,5)P 2 interaction via 484
RNA binding. 485
While completed HIV-1 virus particles could accumulate to the uropod by surfing on the 486 outer leaflet of the plasma membrane, virus surfing (73, 74) is not required for uropod 487 localization of Gag in polarized T cells. We observed that P99A/Gag-YFP and EE75,76AA/Gag-488 YFP, which can multimerize but are defective in budding and hence in particle formation, 489 localize to the uropod efficiently. Moreover, LZ4/Gag-YFP, despite the disruption of the CA 490 dimerization interface, also polarizes on the plasma membrane. Therefore, it is likely that uropod 491 localization begins at an early stage of the assembly process before spherical particle formation 492 and surfing would occur. Notably, in contrast to LZ4/Gag-YFP, LZ2/Gag-YFP failed to localize 493 to the uropod, suggesting an interesting possibility that the size of Gag oligomers determine 494 polarized localization. Oligomerization and resulting microdomain association of membrane-495 associated proteins are thought to facilitate confinement of these proteins in compartments lined 496 by the cortical actin cytoskeleton due to the increased size of the protein entity (106). Thus, it is 497 conceivable that LZ4/Gag-YFP is more susceptible than LZ2/Gag-YFP to such oligomerization-498 enhanced confinement, which in turn promotes uropod localization in polarized T cells where 499 24 rearward actin flow exists. Lower-order Gag multimers were not analyzed using the copatching 500 assay in the current study, since they do not form distinct clusters distinguishable in conventional 501 microscopy. However, super-resolution analysis of lower-order Gag multimers with regard to 502 their relationships with different UDMs and the rearward actin flow, which is underway in our 503 laboratory, is likely to elucidate the mechanism by which multimerization mediates Gag 504 accumulation to uropods and virological synapses. 514   515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539 LZ/Gag-YFP is a prototype LZ-containing Gag that multimerizes and forms particles efficiently. 559
Red letters in LZ sequences and asterisks denote mutations that are expected to convert dimeric 560 LZ into trimeric (LZ 3 ) or tetrameric (LZ 4 ) one. The CA mutation, WM184,185AA (WMAA, 561 denoted by two X in CA), which prevents CA-mediated dimerization, was introduced into the 562 LZ2/, LZ3/ and LZ4/Gag-YFP constructs so that LZ sequences provide the only major Gag-Gag 563 interaction activity in these constructs. In CA/NC/Gag-YFP, the 14A1G change was introduced 564 in NC (all NC basic residues substituted with Ala or Gly; denoted by two X in NC) in addition to 565 27 the WMAA change to eliminate major Gag-Gag interaction domains. All constructs contain the 566 MA mutation 20LK (denoted by a white X in MA), which increases membrane binding. 
